Glycosynthase is an active site nucleophile mutant enzyme, prepared from glycosidase, which is capable of synthesizing oligosaccharide derivatives without the hydrolysis of the product. Thermoacidophilic α-glucosidase of Thermoplasma acidophilum (AglA) exhibits a transglycosylating activity yielding various glycosides. AglA was converted to glycosynthase by the substitution of the catalytic nucleophile Asp-408 residue into non-nucleophile glycine in order to increase its ability to synthesize various glycosides by transglycosylation. The glycosynthase mutant was purified by Ni-NTA chromatography and its glycoside-synthesizing activity was measured by using an external nucleophile, sodium formate buffer, providing maltose as a donor and pnitrophenyl-α-D-glucopyranoside (pNPαG) as an acceptor, respectively. In addition, pNPαG was examined for its feasibility to act as both a donor and an acceptor, and products were compared with those of the wildtype enzyme. The mutant enzyme was found to catalyze the formation of a specific product from pNPαG with a yield of 42.5% without further hydrolysis, while the wild-type enzyme produced two pNPαG products at low yields. The results demonstrate the possibility of satisfactory yields for the reactions in the presence of small amounts of acceptor, and demonstrate that the high activity of the mutant, at pHs below neutrality, was applicable in the transfer of glucose from the natural donor.
Introduction α-Glucosidases (EC 3.2.1.20) catalyze the hydrolysis of the α-glucosidic bond from the non-reducing end of a chain as well as the free disaccharides [12, 13] . In the high concentration of substrate, known as kinetically controlled conditions, the enzyme also displays a transferring reaction (transglycosylation) to form maltooligosaccharides [11, 18] . Commercially available oligosaccharides, comprising isomaltosyl structure or nigerosyl structure, are produced by the α-glucosidase-catalyzed transferring reactions [3, 20] . Interest in applications for the biosynthesis of bioactive compounds using the transglycosylation activity is rapidly growing due to the advantages of the specificity, efficiency, and safety of the enzymatic reaction [3, 10] .
Although a number of α-glucosidases belonging to Glycoside hydrolase family 31 (GH31) have been isolated from bacteria, relatively few have been known from archaea. Due to their inherent thermostabilities, hyperthermophilic α-glucosidases originated from archaea have great potentials for biosynthesis of bioactive glycosides. These hyperthermophilic α-glucosidases can catalyze reactions at high temperatures with higher substrate concentrations, lower viscosity, fewer risks of microbial contaminations, and often higher reaction rates [2, 5] . Recently, we characterized the thermoacidophilic α-glucosidase gene (AglA) from Thermoplasma acidophilum DSM 1728 [21] . The enzyme successfully synthesized arbutin glycosides through an α-*Corresponding author Tel: +82-51-510-2196, Fax: +82-51-514-1778 E-mail: jhcha@pusan.ac.kr
1,3 and α-1,6-linakges. The formation of α-1,3 and α-1,6-linkage is industrially useful for the production of isomaltooligosaccharides and human milk oligosaccharide, such as 3'-sialylactose. The major drawback of transglycosylation using glycoside hydrolases including α-glucosidase is that the reaction products are substrates for the enzyme and can be hydrolyzed back thus reducing yields of transfer products.
To overcome these limitations, glycosynthase, a new class of mutant glycosidases in which the active site nucleophile is replaced with a non-nucleophilc residue, were introduced [9, 24] . By using these engineered enzymes, the products can accumulate in the reaction mixture due to the loss of the hydrolytic activity of the biocatalyst for the products. Since introduction of original glycosynthase by Mackenzie et al. [7] from Agrobacterium sp., glycosynthase research has been limited for β-glycosynthase-type enzymes and only one α-glycosynthase-type enzyme has been reported which isolated from Schizosaccharomyces pombe [14] . Among glycosynthases, the thermophilic representatives can be used efficiently in retaining reactions with aryl β-glycosides as donors. Moreover, it has been observed that at pH's below neutrality in diluted sodium formate buffers, the turnover rates of thermophilic glycosynthases can be rescued at levels comparable to the wild-type enzymes [22] . Therefore, we considered AglA to be a good model to generate a α-glycosynthase-type mutant to increase the yield of the transfer products. Herein, we show that a glycosynthase mutant indeed increase the yield of the transfer products compared to the wild-type enzyme.
Materials and Methods
Chemicals p-Nitrophenyl-α-D-glucopyranoside (pNPαG) and maltose were purchased from Sigma-Aldrich (St. Louis, USA). Glucose oxidase assay reagent was also obtained from Sigma. Other reagents were purchased for analytical grade.
Construction of glycosynthase mutant
The aglA gene was cloned and sequenced previously [21] . pET-TAAGL carrying the aglA gene was used as a template for PCR to obtain DNA fragments containing the mutations. Based on the aglA sequence, two mutagenic oligonucleotide primers, D408G-F (5'-TTCTGGCATGGC-ATGAATG-3'), D408G-R (5'-CATTCATGCCATGCCAGAA-3'), were designed. The mutagenic primers contained the desired mutation and annealed to the same sequence on opposite strands of the plasmid. One pair of mutagenic primer was constructed using TA-NdeI-FP and D408G-R and TA-XhoI-RP and D408G-F, respectively. Two PCR fragments were made by first round PCR by using two sets of primers. Ten pmol of each primer was mixed with 10 ng of plasmid pET-TAAGL in a 20 µL PCR. The reaction conditions were as follows: 10×Pfu reaction buffer, 2.5 mM dNTP, 1.5 mM MgCl 2 , and 2.5 units of a PfuUltra HF DNA polymerase. PCR amplification was carried out on a thermal cycler (GeneAmp PCR System 2400, Perkin Elmer, Waltham, USA) with a program of a predenaturation for 30 s at 94 o C, 4 min. The purified two DNA fragments were used as templates for second round PCR. The condition of PCR was the same as the first round except for adding two fragments as templates and TA-NdeI-FP and TA-XhoI-RP primers instead of one pair of mutagenic primers. The purified mutant fragment digested with NdeI and XhoI was introduced to pET29b(+) plasmid (Novagen, Darmstadt, Germany) which digested with the corresponding restriction enzymes. After sequence analysis, one clone with no PCR errors was chosen and designated pET-TAGS, and this was used for the production of a six histidine-tagged target enzyme.
Protein expression and purification
The wild-type and mutant AglA proteins were expressed and purified by fusion of 6×His tag as previously reported [21] . Briefly, fusion proteins extracted from recombinant Escherichia coli BL21(DE3) were purified by affinity chromatography using a nickel-nitrilotriacetic acid (Ni-NTA) column (Qiagen, Hilden, Germany) and eluted with imidazole in order to separate proteins. The protein solution was concentrated using a Centricon-10 filter from Amicon (Millipore, Bedford, USA) and dialyzed using Spectra/Por molecular porous membrane tubing (Spectrum Laboratories, Rancho Dominguez, USA) against 20 mM sodium phosphate buffer (pH 7.0). The molecular mass of the native enzyme was estimated by gel filtration chromatography using a Sephacryl S-200 column equilibrated with 50 mM Tris-HCl (pH 7.0), 150 mM NaCl. The purities of the recombinant proteins were estimated by 12% (w/v) SDS-PAGE. The protein concentration was determined according to the Bradford method, using bovine serum albumin as
